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Abstract 35 
Species’ response to climate change is already occurring and managers require scenario 36 
planning with tangible actions for effective conservation. We address this need by examining 37 
the impact of projected changes in maximum temperature and sea level rise (SLR), on the 38 
future suitability of current nesting sites for two globally endangered turtle species 39 
(Eretmochelys imbricata, hawksbill and Caretta caretta, loggerhead turtles). We 40 
parameterized the biophysical characteristics of nesting beaches in Western Australia (WA), 41 
Northern Territory (NT) and Queensland (Qld) and used climate change projections to assess 42 
future suitability. All current nesting beaches are predicted to experience increased maximum 43 
temperatures (up to 34.8°C in NT and 38.9°C in WA), sex ratios will become increasingly 44 
female-skewed, and embryo viability will be threatened at beaches in the north and west of 45 
Australia. Beaches in eastern Australia are less likely to flood than those in the west under 46 
sea level rise, although all beaches will experience increased flooding, with some sites 47 
projected to be below mean high water level by 2100. Many current beaches globally may 48 
become unsuitable for nesting under climate change and therefore other existing, or newly 49 
established, beaches will be critical for the persistence of turtle populations: thermally 50 
suitable climate space will undergo a southwards shift. This type of analysis can be repeated 51 
elsewhere to inform regional long-term conservation planning, such as implementation of 52 
protected areas. We demonstrate a valid approach to addressing the issue of conservation for 53 
species that use different habitats at different life stages in different parts of the world: by 54 
assessing future habitat suitability we highlight important areas for effective conservation 55 
planning and management. 56 
 57 
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1. Introduction 69 
Global climate change is already having an impact on species and ecosystems (Garcia et al. 70 
2014). Mean surface air and sea temperatures have risen in the past century by 0.8°C, and this 71 
trend is projected to increase by up to 2°C by 2100 under no-mitigation, business-as-usual 72 
scenarios (IPCC 2013). As a result of warming seas, oceans globally are expanding, and, in 73 
combination with freshwater input from ice-melt, this has caused sea level to rise at 2 mm per 74 
year over the last four decades (Rhein et al. 2013; IPCC 2013). Sea level rise (SLR) is not 75 
spatially uniform, and its impacts on coastal regions will vary geographically. For example, 76 
the average rate of SLR overall in Australia has been 3.4 mm yr-1 over the last two decades 77 
(1990s and 2000s), higher than the global average (IPCC 2013), driven by higher rates in 78 
northern and western Australia (~ 9 mm yr-1) (BoM 2011). How these climatic changes may 79 
impact upon marine turtles nesting and foraging habitat is the subject of a growing body of 80 
research (Baker et al. 2007; Chaloupka et al. 2008; Fuentes et al. 2011; Poloczanska et al. 81 
2009; Hawkes et al. 2009; Jourdan and Fuentes 2015; Pike 2013a,b; Laloe et al. 2014; and 82 
reviewed in Hamann et al. 2013).  83 
 84 
Ecological responses by marine turtles to climate change may potentially include 85 
biogeographical range shifts (Hamann et al. 2007; Kelez and Velez-Zuazo 2014) and altered 86 
reproductive output (Fish et al. 2005; Limpus 2008). When habitats become climatically 87 
unsuitable, species/populations either move or decline and increase in extinction risk, and 88 
populations in other suitable areas grow and persist or expand (Parmesan 2006; Bellard et al. 89 
2012; Verges et al. 2014). Sea turtles have unique and complex life cycles, including high site 90 
fidelity to natal beaches and regions (Miller 1997), which restricts their ability to make rapid 91 
large-scale nesting beach shifts (Bowen et al. 1994; Bowan and Karl 2007). This site-92 
restrictive biology means that the scale and speed of range shifts of nesting beaches is 93 
difficult to predict and may vary based on the current nesting range, species behavior, and the 94 
spatial scale and magnitude of local or regional change. For example the disappearance of an 95 
isolated island nesting beach may cause a large range shift as nesting females look for 96 
alternative nesting locations. In comparison, along a continuous shoreline, turtles may not 97 
need to move far alongshore to find alternative habitat. In addition, nest site selection by 98 
turtles, laying eggs at different locations on a beach, will vary between species, resulting in 99 
differential impact and potentially providing a mechanism to buffer the impacts of climate 100 
change (Fuentes and Porter 2013; Hamann et al. 2007). 101 
 102 
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Rising surface temperatures may affect hatching and emergence success, as determined by 103 
thermal tolerance. This can vary according to species, location, environmental conditions and 104 
nest depth, and the length of time spent at high temperatures could be more important than 105 
the temperature alone for embryo development and survival (Howard et al. 2014). Warming 106 
temperatures may increase the proportion of female hatchlings (e.g., Fuentes et al. 2011) as a 107 
result of turtles’ inherent biological trait of temperature-dependent sex determination (TSD) 108 
(Mrosovsky and Yntema 1980; Yntema and Mrosovsky 1982), which may impact upon 109 
population viability (Fuller et al. 2013). Sea level rise may reduce the area of available 110 
nesting beaches, and could increase nest flooding events through possible water table rises 111 
(Witt et al. 2010). Other climatic threats include changes in precipitation patterns (Santidrián 112 
Tomillo et al. 2015), increasing risk from extreme weather events such as cyclones and storm 113 
surges (Pike and Stiner 2007; IPCC 2013). Widely distributed throughout the world’s oceans, 114 
all marine turtles are under threat, and listed on the IUCN Red List (IUCN Red List, 115 
www.iucnredlist.org). However, extinction risk frameworks such as these use Regional 116 
Management Units (Wallace et al. 2011) which are usually larger than genetic stocks (Moritz 117 
1994) used by jurisdictional conservation managers, and therefore do not have detailed threat 118 
information required for specific management actions. There is also a clear need to focus 119 
coastline protection in terms of conservation management on key turtle nesting habitats, 120 
especially those producing male hatchlings (Hawkes et al. 2009).  121 
 122 
Two species in particular are of significance in Australia, in terms of their conservation status 123 
and restricted nesting ranges; the hawksbill and loggerhead turtle. Hawksbill turtles, listed as 124 
Critically Endangered under the IUCN Red List (www.iucnredlist.org), use beaches north of 125 
23.8°S latitude in central and northern regions of Western Australia (WA), north-eastern 126 
regions of the Northern Territory (NT), and some islands in northern Queensland (Qld) 127 
(Figure 1). These nesting aggregations are among some of the largest in the world for this 128 
species (Meylan and Donely 1999; Limpus 2009) and form two genetically distinct stocks 129 
(Vargus et al. 2015). In contrast, Australian loggerhead turtles, listed as globally Endangered, 130 
utilise beaches south of latitude 21.5°S in western Australia and 23 °S in eastern Australia. 131 
Populations nesting in the west and the east of Australia are genetically distinct (Bowen et al. 132 
1993; Bowen 2003), and the loggerhead turtle nesting population on the central Queensland 133 
coast, is the largest in the South Pacific Ocean (Limpus 2007).  134 
 135 
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Based on the differing climatological ranges of the two species (Fig. 1), we expect that 136 
loggerhead and hawksbill turtles may respond differently to sea level rise (SLR) and 137 
increasing land and sea surface temperatures: loggerhead turtles may need to shift their 138 
nesting range to find ‘cooler’ areas outside current geographical boundaries whereas 139 
hawksbill turtles, tolerating higher temperatures, would be able to expand their range but also 140 
may be able to persist in place with a temporal shift in nesting. 141 
 142 
While other research has described generalised range shifts and impacts from climate change, 143 
we focus on two species with narrow nesting ranges: our aim was to identify how the 144 
suitability (in terms of temperature and SLR-related flooding) of nesting beaches for 145 
loggerhead and hawksbill turtles may change by 2100. We focused on establishing the level 146 
of threat from increases in maximum temperature and SLR to identify which beaches may or 147 
may not be suitable for nesting in future (Hamann et al. 2010; Poloczanska et al. 2009) and 148 
should be considered in contemporary conservation planning. In addition, we sought to 149 
investigate potential future nesting habitats within 350 km of current nesting beaches for the 150 
two species. Our primary goal with this research is to increase knowledge of potential future 151 
impacts in order to inform and enable natural resource managers to make the best 152 
conservation management decisions. 153 
 154 
2. Methods 155 
2.1 Study species  156 
Major nesting areas for loggerhead turtles in western Australia are located in the Gascoyne 157 
region (the third largest loggerhead population in the world; Reinhold and Whiting 2014; 158 
Limpus 2007), and in eastern Australia in southern Queensland (Fig. 1). Nesting seasonality 159 
is similar in both regions, with loggerhead turtles nesting from October to March in 160 
Queensland, with a peak between December and January and from November to March in 161 
WA, peaking between December and February (Limpus 2007). The pivotal temperature for 162 
sex ratios, at which clutches comprise 50% female and 50% male hatchlings (Mrosovsky and 163 
Yntema 1980), is 29.3°C for loggerhead turtles in western Australia (Woolgar et al. 2013), 164 
and 28.6°C in eastern Australia (Limpus et al. 1985), where it is predicted that a temperature 165 
of 31.4°C produces 100% females (Georges et al. 1994; Chu et al. 2008). We here consider 166 
that the transitional range of temperatures (TRT) for both male and female turtles of all 167 
species is 26.5°C to 32°C (e.g., Wibbels 2003). 168 
 169 
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Hawksbill turtles predominantly nest on island beaches in Australia, with high density sites in 170 
the Pilbara (WA) and moderate density sites in north-east Arnhem Land (NT) and around the 171 
top of the Cape York Peninsula (Qld) (Fig. 1). With an estimated 2000 females nesting in 172 
WA alone, Australia’s hawksbill turtle populations are considered the largest in the world 173 
(Limpus 2009). The nesting season takes place mainly between October and January in WA 174 
(Limpus 2009; Prince and Chaloupka 2012). In Qld and the NT hawksbill turtles nest year-175 
round, with numbers peaking in January and February in Qld, and between July and October 176 
in the NT (Limpus 2009). Hatchling sex ratio has not been measured for any Australian 177 
hawksbill turtle rookery but we assume that the pivotal temperature for hawksbill turtles is 178 
29.2°C and clutches incubated around 30.3°C produce 100% female offspring, as measured 179 
in Antigua (Mrosovsky and Provancha 1992) and Bahia, Brazil (Godfrey et al. 1999), which 180 
lie at similar degrees latitude to hawksbill nesting beaches in WA and NT.  181 
 182 
All nesting beaches and estimated nesting population sizes for loggerhead and hawksbill 183 
turtles are based on summarized data (Limpus 2007; 2009) and additional sources (Chatto 184 
and Baker 2008). In Australia, loggerhead turtle nesting populations were estimated to fall 185 
within the categories of 10-500 or 500-1000 individuals (although see also Reinhold and 186 
Whiting 2014); hawksbill turtle nesting aggregations were estimated to contain 500-1000 187 
individuals along the WA coastline and in Queensland, and generally had smaller estimates in 188 
the NT (1-10, or 10-500 individuals) (Fig. 1).  189 
 190 
2.2 Biophysical nesting beach parameters 191 
2.2.1 Climate  192 
Climate data were aggregated into six geographical range groups based on current turtle 193 
nesting distribution: WA south (Gascoyne region), WA central (Pilbara region), WA north, 194 
NT, Qld north and Qld south (Figure 2). 195 
 196 
We used maximum seasonal surface air temperature, as this is a critical climate variable for 197 
loggerhead and hawksbill hatching success (cf. Pike 2013a). We considered maximum 198 
developmental temperature thresholds to be 33°C for loggerhead and hawksbill turtles 199 
(Matsuzawa et al. 2002; Jourdan and Fuentes 2015). Model ensemble temperature data were 200 
used, and downloaded from the KNMI Climate Change Atlas 201 
(http://climexp.knmi.nl/plot_atlas_form.py; accessed 30/01/2015) for the CMIP5 GCM 202 
(Coupled Model Intercomparison Project Phase 5 - IPCC AR5 Atlas subset), for seasonal 203 
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periods (October-April and May-September) to correspond with nesting times for the 204 
identified nesting beach regions. Baseline temperature data were derived from the 1961-1990 205 
mean temperature values from the Australian Bureau of Meteorology (www.bom.gov.au). 206 
 207 
We selected two of the four Representative Concentration Pathway (RCP) scenarios 208 
developed for the IPCC AR5: RCP8.5, a rising radiative forcing pathway resulting in 8.5 W 209 
m-2 by 2100, which reflects high levels of energy demand and greenhouse gas emissions 210 
without climate change policies (henceforth referred to as the extreme scenario); and RCP6, a 211 
stabilisation-without-overshoot pathway to 6 W m-2 by 2100 (Moss et al. 2010), which 212 
corresponds to a peak in greenhouse gases by 2060 and then a reduction, driven by the global 213 
market for emissions reduction, for the rest of the century (henceforth referred to as the 214 
medium scenario) (Masui et al. 2011). The two scenarios reflect the most likely climate 215 
outcomes given the current level of climate mitigation activity 216 
 217 
2.2.2 Beach elevation 218 
We used data from the Shuttle Radar Topography Mission (SRTM) at NASA’s Jet 219 
Propulsion Lab (JPL), available through the Australian Government’s National Elevation 220 
Data Framework (NEDF) portal (http://nedf.ga.gov.au/geoportal/catalog/main/home.page) to 221 
establish the elevation of each beach currently used for nesting. These radar data were 222 
downloaded at 30 m x 30 m resolution; the elevation value is the mean for each grid cell. 223 
There were no elevation data available for two reef nesting sites in WA North, or the 224 
Capricorn Group Islands off the Queensland coast. 225 
 226 
2.2.3 Sea Level Rise (SLR)  227 
We used CANUTE 2.0 the Sea Level Calculator (http://canute2.sealevelrise.info/) from the 228 
Antarctic Climate and Ecosystems Cooperative Research Centre (ACE), to derive 229 
comparative estimations of flood risk (Hunter, 2010), for beaches nearest to the CANUTE 230 
data point locations, and thus suggest which regions will be most at risk under SLR. 231 
Developed as a decision tool for flood risk planning, CANUTE combines storm surge 232 
frequency and projected SLR (based on IPCC projections) to estimate the likelihood of future 233 
flooding. The model also takes into account extreme events such as storm surges, which can 234 
occur several times a year in the tropics (BoM, 2011), and are set to continue to increase in 235 
frequency (Church et al. 2013). SLR-related flood risk was calculated for each nesting beach 236 
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and aggregated as with the temperature data, we then classified it as ‘Low’, ‘Medium’, 237 
‘High’ or ‘Highest’.  238 
 239 
Using Smartline (http://www.ozcoasts.gov.au/coastal/smartline.jsp) data, we differentiated 240 
between beach profiles (‘plains’, ‘gentle-moderate slopes’, ‘steep slopes’ and ‘high cliffed 241 
coasts’) and derived the proportion of each type for our current nesting locations.  242 
 243 
2.3 Future nesting beaches 244 
Based on current ranges of loggerhead and hawksbill turtles we modelled the potential future 245 
nesting habitats within 350 km of current nesting beaches using existing population ranges, 246 
maximum thermal limits for each species, climate change (maximum surface temperature), 247 
beach elevation, and SLR-related flood risk. We projected a range of 350 km south (for WA 248 
and Qld) and east/west (for NT) of the current range, as this is likely to encompass any 249 
potential nesting distribution changes by 2100:  turtles nesting at beaches < 350 km apart are 250 
not likely to be genetically distinct, and thus movement between nesting beaches within this 251 
range can be expected (Vargas et al. 2015). For current nesting beaches, we used the CMIP5 252 
GCM (IPCC AR5 Atlas subset) to derive projected maximum temperature for seasonal 253 
periods (October-April and May-September) under the two climate scenarios, and CANUTE 254 
for flood risk under SLR, and Smartline for beach profile information, for a range of beach 255 
locations within this 350 km range.  256 
 257 
 258 
3. Results 259 
3.1 Maximum temperature 260 
 For baseline modelled surface air temperature, WA north had the highest during the October-261 
April period (36.9 °C, above what is considered to be the upper thermal threshold) and the 262 
NT in the May-September period (29.8 °C) (Table 1). Modelled data indicated a more rapid 263 
increase in temperature under the extreme scenario than under the medium scenario across all 264 
sites and regions, and a greater increase for the WA beaches overall for both the October-265 
April and May-September periods (Table 1; Figure 2a, b). The WA region that showed the 266 
greatest increase in modelled maximum temperature (WA north, Pilbara and Gascoyne), 267 
currently has large populations (500-1000) of hawksbill turtles (WA), and two sites have 268 
large populations of nesting loggerhead turtles (WA). The projections of temperature increase 269 
for Pilbara and WA north beaches suggest that by the end of the 21st century they may be too 270 
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high for successful egg survival between November and April (Table 1). The maximum 271 
projected temperatures Australia-wide are highest for WA and parts of NT (Table 1). Current 272 
hawksbill turtle nesting beaches in northern Queensland are the most resistant to climate 273 
change, although the maximum temperature under the extreme scenario is approaching the 274 
lethal range for the species. Projected temperatures for both species, under one or both 275 
scenarios, will be higher than the 100% female threshold. 276 
 277 
For the geographical regions currently outside the nesting ranges, the projected temperatures 278 
were highest in the October-April period (Figure 2a, b; Table S1). NT showed the highest 279 
temperatures overall, for both periods, and future Qld south had the lowest temperatures. 280 
 281 
3.2 Elevation and SLR 282 
Beach elevation at current nesting beaches nearest to the CANUTE data points ranged from 283 
1.64 m to 10.47 m above mean sea level (or Australian Height Datum (AHD) = 0.00), with an 284 
average of 5.1 m for NT, 5.5 m for WA and 6.2 m for Qld beaches (Table S2). Under the 285 
extreme scenario, the CANUTE models predict that WA and the NT regions are most at risk 286 
from SLR-related flooding, while Qld north is least at risk (Table 2a; Figure 2c, d). For 287 
example, when beach height in the Gascoyne region is 1.7 m, 1.38 m or 1.15 m above mean 288 
sea level, there is a 50%, 90% or 99% chance of flooding, respectively.  289 
 290 
The Smartline results (Table 3) indicated that beach profiles were predominantly plains or 291 
gentle slopes in all of the nesting sites, as would be expected given that sand beaches 292 
predominantly establish on low gradient slopes. However, in many cases, up to half of the 293 
coastline was ‘unclassified’ in these areas. 294 
 295 
One hawksbill turtle nesting beach on Cape Arnhem, NT, currently has an elevation of 1.64 296 
m. With a predicted SLR of 0.6/0.7 m, this beach may be untenable for turtle nesting and 297 
successful egg hatching by the end of the century, with an almost 100% risk of flooding 298 
(Table 2a; Figure 2d). Current hawksbill turtle nesting beaches in northern Queensland and 299 
NT are least at risk from flooding with SLR, and those in Gascoyne are most at risk. 300 
 301 
Potential future nesting beaches southwards from the current nesting beaches in the Gascoyne 302 
region in WA are projected to experience most SLR-related flooding, followed by future 303 
areas in Qld south (Table 2b and Fig. 2c). Future nesting beaches in the NT, eastwards of 304 
 10 
 
current locations, are projected to experience the least SLR-related flooding of the future 305 
locations (Fig. 2d).  306 
 307 
 308 
4. Discussion  309 
We modelled changes in the suitability of nesting beaches for loggerhead and hawksbill 310 
turtles now and in the future, and show that the geographic locations of suitable nesting 311 
habitat of two sea turtle species in Australia are projected to change by the end of the current 312 
century. Some of the current habitat may become unsuitable due to extreme temperatures 313 
while other habitat may experience increased flood risk. Nesting habitat suitability for both 314 
species is likely to shift south in response to rising temperatures, and while they have a 315 
greater flood risk, beaches in WA may offer the best opportunities for conservation, as there 316 
are fewer pressures than in Qld (e.g., human population and urbanization pressure, which 317 
could prevent inland coastal recession). Projected temperatures indicate that most of the NT 318 
may be unsuitable for successful nesting, including during the cooler part of the year.  319 
 320 
Current nesting conditions 321 
Overall, current hawksbill turtle nesting beaches in Qld north are the most resistant to climate 322 
change, in terms of SLR-related flood risk, and as most populations in this area are small (10-323 
500 individuals), there could be an opportunity for numbers at these sites to increase. 324 
However, an observed decline at one of these islands (Milman), possibly related to turtle shell 325 
trade and unreported and unregulated (IUU) take in SE Asia (Humber et al. 2014), has raised 326 
the concern that some of these aggregations may decline by > 90% by 2020, which is within 327 
one generation for the species (Limpus 2009). Current hawksbill turtle nesting locations in 328 
Qld north are projected to remain below 33°C, for October-April under the medium scenario, 329 
and for May-September under the extreme scenario, considered to be the upper thermal 330 
threshold for successful incubation (Yntema and Mrosovsky 1982; Jourdan and Fuentes 331 
2015; also see Howard et al. 2014), and are at lower risk of SLR-related flooding. We 332 
therefore predict that nesting aggregations here may persist.  333 
 334 
Loggerhead turtle nesting beaches in WA, on the other hand, may be marginal in terms of 335 
habitat suitability under current conditions, and potential future sites may also be sub-optimal 336 
in terms of population persistence. Beaches further south of the current loggerhead turtle 337 
distributions in Qld and WA will fall within thermal tolerance ranges for nesting sites, 338 
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however, beaches in these regions, especially those in WA, are also more at risk from SLR-339 
related flooding.  340 
 341 
Future thermal conditions under climate change 342 
Climate change will have differential impacts at different sites. Hatching success is predicted 343 
to decline for loggerhead turtles in the warmer part of its range, while in cooler nesting sites 344 
high levels of success will continue, and may increase (Pike 2013b). Thus populations that 345 
are currently small/medium or marginal in temperate sites could become larger while 346 
populations currently at the margins of the temperature range are likely to decline. Australian 347 
hawksbill turtles’ peak nesting times vary spatially, and where temperature projections 348 
indicate that maximum temperatures in the future may be too high for successful hawksbill 349 
turtle incubation during November-April, these breeding populations, and other turtle species 350 
that use the same or neighbouring beaches, may become locally extinct in northern WA and 351 
Pilbara, and some parts of NT, by the end of the current century based on thermal tolerances 352 
alone. However, suitable sites may be available during peak nesting periods (July-October) 353 
east of their current NT range (into the Gulf of Carpentaria). Our results suggest that the 354 
range of suitable nesting habitat may expand to the south of the current distributions in WA 355 
and Qld for both species, as the maximum temperatures of future beaches up to 300 km to the 356 
south are predicted to be within the range suggested as suitable by Pike (2013a). In WA, 357 
hawksbill turtles have more numerous nesting sites and nest over a much greater latitudinal 358 
range than loggerhead turtles, which may provide greater flexibility and resilience for nesting 359 
populations in this region.   360 
 361 
Future SLR risk under climate change 362 
While potentially suitable beaches further south in Qld and WA may be feasible as nesting 363 
habitat in terms of temperature requirements, they could be at risk of SLR-related flooding. 364 
Weather disruptions during the nesting season can affect the number of clutches, eggs and 365 
hatchlings. Storms and extreme events (such as cyclones) can cause nest flooding, alter beach 366 
profiles, and remove/alter beach vegetation used for nest shading. Where mainland beaches 367 
are constrained by geology (e.g. bluffs, cliffs) or human pressure, higher water levels from 368 
SLR will lead to beach flooding and permanent loss of coastal area. Beaches will change in 369 
response to SLR, and at the local scale, for wide sandy shorelines, every centimetre of SLR 370 
will result in a 100 m recession of shoreline (Ranasinghe et al. 2012). Recent work indicates 371 
that rises in sea levels may be larger than predicted and some projections may be 372 
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underestimates. In and around Australia, offshore regional SLR may be more than 10% 373 
greater than the global mean, and extreme sea level events, such as storm surge flooding, will 374 
become more frequent (Reisinger et al. 2014). SLR may therefore pose a greater threat to 375 
some low-lying nesting beaches (especially those on islands) than current models suggest 376 
(Hay et al. 2015; Meehl et al. 2005).   377 
 378 
Spatial and temporal shifts and biological mechanisms  379 
There are several potential options for turtles to shift nesting sites in response to climatic 380 
change (Fish et al. 2005). The scale of these shifts could be local or regional, and at the local 381 
scale may include micro habitat shifts, for example moving away from or closer to the mean 382 
high tide level (vertical shift), or along the beach to more shaded sites (Kamel and Mrosovsky 383 
2004). Deeper nests could also result in cooler or more stable temperatures, but depth is 384 
constrained by the anatomy (flipper size) of the species (Miller 1997). At a regional scale 385 
nesting site selection may shift with temperature changes and include nesting at higher 386 
latitudes or on offshore islands (spatial/horizontal shifts) where lighter coloured sands 387 
produce cooler temperatures (Hays et al. 2001). That loggerhead turtles have already 388 
attempted to nest on beaches in northern New South Wales, hundreds of kilometres south of 389 
their southern-most nesting Qld beach (Limpus 2008), demonstrates the possibility of shifts 390 
in nesting locations. Regional-scale shifts by a large proportion of the population are however 391 
unlikely, due to the sea turtles’ inherent behavioural traits of high fidelity to nesting site and 392 
natal homing. Temporal shifts, to nest in cooler months, are also possible (Weishampel et al. 393 
2004). The response to SLR will be dependent on the elevation of the beach, and if turtles do 394 
not change their nesting sites, breeding success may be impacted by flooding and periodic 395 
inundation.  396 
 397 
Sea turtles may have inherent biological mechanisms to moderate predicted impacts of 398 
climate change. Many functioning sea turtle populations have a sex ratio biased towards 399 
females (Wibbels 2003), with compensatory mechanisms such as shorter remigration 400 
intervals of males (Hays et al. 2010), and promiscuous mating behaviours (Hamann et al. 401 
2003), translating to less biased operational sex ratios (Wright et al. 2012). Intra-specific 402 
competition, sperm competition and multiple paternity may also be altered, and the capacity 403 
of a population to react to selection pressures due to the associated loss of genetic variation 404 
could be affected (Hamann et al. 2010; Wibbels 2003). In addition, under a few degrees of 405 
warming, clutches may also begin to experience high levels of thermal mortality. However, 406 
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recent work has investigated the resilience of turtle embryos during incubation to heating 407 
events and found that a cellular response that may provide them with a mechanism to deal 408 
with increasing temperatures (Tedeschi et al. 2014).  409 
 410 
Model limitations 411 
Based on broad-scale environmental factors our models predict large-scale viability of two 412 
species of marine turtles. Annual natural variation, stochastic events such as storms, and 413 
microclimates all play a role in overall hatchling production and viability. We recognise that 414 
surface air temperatures, which have a complex relationship to eggs within a clutch 415 
(Ackerman 1997; Miller et al. 2003; Wood et al. 2014), and nest temperatures may not 416 
increase linearly with surface temperatures (Lolavar and Wyneken 2015). Firstly the depth 417 
and the position of eggs in the nest dominates the daily variation in temperature. For 418 
example, generally hawksbill turtle nests are between 18 cm and 42 cm below the sand 419 
surface (Dobbs et al. 1999; Limpus et al. 1983), while loggerhead turtle nests are deeper, 420 
between 33 cm and 57 cm below the surface (Limpus et al. 1985). Secondly, the relationship 421 
between air temperature and sand temperature and the metabolic heating of the clutch may 422 
mean that eggs at the edge will be cooler than those in the middle (Laloe et al. 2014). The 423 
fact that the length of time spent at high temperature may be more critical than the 424 
temperature itself for embryo survival will also play a role in hatching success (Howard et al. 425 
2014). Thirdly, within-habitat variations in temperature could promote survival of some 426 
clutches in the short-term (Broderick et al. 2001). Micro habitat plays an important role on 427 
any beach with variation occurring due to the location on the beach or the influence of shade, 428 
and sand reflectance also has an impact on incubation temperature (Zbinden 2008; Hays et al. 429 
2003). However, the intent of this study was to provide regional scale estimates of key 430 
nesting environmental parameters under climate change scenarios. 431 
 432 
Managing turtles under climate change 433 
It is clear from the growing body of research that effective sea turtle management will need to 434 
foster an increase in the resilience of populations (Hamann et al. 2010 Mrosovsky and 435 
Godfrey 2010). Management actions contributing to this goal include; identifying cooler 436 
beaches (male-producing beaches), the protection of suites of beaches, recording and 437 
monitoring newly colonized nesting beaches (Hamann et al. 2010; Marcovaldi et al. 2014;  438 
Mrosovsky and Godfrey 2010), and conserving current and future habitat through large-scale 439 
cross-jurisdictional networks of protected areas (Palumbi et al. 2004). Potential future nesting 440 
 14 
 
habitats most crucial for loggerhead turtles, further south in WA and Qld, may be most at risk 441 
from SLR-related flooding and therefore the beach profiles (slope, size of beach, coastal 442 
morphology) must be carefully considered when selecting sites for conservation. Other active 443 
methods of conservation should be investigated, including beach temperature manipulation 444 
(e.g., trees used for shading), relocation of eggs, and reduction of other pressures on the 445 
population that reduce recruitment, such as predation by feral animals. 446 
 447 
Prediction scenarios should ultimately be included in total population models that would 448 
incorporate all pressures (Halpern et al. 2008) on the species’ life history, as well as climate 449 
change impacts on foraging ranges and food resources (McMahon et al. 2006). Feedback to 450 
jurisdictional management agencies would then close the knowledge transfer gap between 451 
research studies and managers, with the most useful outcome in Australia being the inclusion 452 
of recommendations in the Australian Marine Turtle Recovery Plan 453 
 454 
 455 
5. Conclusion 456 
Marine turtles have survived many major climatic changes through millennia. However, the 457 
mechanisms by which turtles have dealt with this at a population level are unclear. Strategies 458 
available to turtles are to shift nesting both in time and space, or to persist and adapt: in spite 459 
of their long generation times, turtles can adapt relatively quickly. 460 
 461 
Importantly, this work investigates scenarios and the potential impacts on threatened species 462 
and highlights that management does not occur in a static environment. It also emphasises the 463 
temporal disparity between the long term goal of ensuring sustainable populations and most 464 
management plans and budget cycles. Long term planning is critical and key management 465 
strategies, such as habitat protection (including potential future habitat), using a variety of 466 
tools, is required to support the key element of surviving a changing climate: fostering 467 
resilience. 468 
 469 
 470 
 471 
 472 
 473 
 474 
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Tables 835 
 836 
 837 
Table 1: Modelled maximum surface air temperature (°C) for turtle nesting areas in Australia 838 
for baseline and two future climate change scenarios for 2100, medium and extreme (RCP 6.0 839 
and RCP 8.5) for the warmest and coolest periods of the year. See Fig. 2 for location of 840 
regions.  Values in bold indicate temperatures higher than what is considered to be the upper 841 
thermal threshold for successful incubation (Yntema and Mrosovsky 1982; Jourdan and 842 
Fuentes 2015 843 
 
baseline medium scenario extreme scenario 
 
Oct-Apr May-Sep Oct-Apr May-Sep Oct-Apr May-Sep 
Gascoyne 29.58 23.06 31.58 25.06 33.58 26.56 
Pilbara 34.95 27.17 38.70 29.30 38.89 31.30 
WA north 36.89 29.27 38.89 31.65 40.89 33.65 
NT 31.77 29.75 33.52 31.25 34.77 32.75 
Qld north 30.03 28.09 32.03 29.84 33.53 31.34 
Qld south 28.79 23.42 30.79 25.42 32.82 26.42 
 844 
 845 
 846 
Table 2. Flood risk probabilities (50%, 90% and 99%) at current (a) and potential future (b) 847 
nesting regions under the extreme RCP scenario, calculated with CANUTE2. Values are 848 
expressed as height (m) above mean sea level at which the beach is at risk of flooding. Under 849 
the extreme scenario, current WA and NT regions are most at risk of flooding, while Qld 850 
north is least vulnerable.  851 
a) Current nesting region        852 
 Flooding probability 
      50% 90% 99% 
WA Gascoyne 1.70 1.38 1.15 
WA Pilbara 2.27 2.08 1.94 
WA north 2.39 2.18 2.03 
NT 2.50 2.28 2.13 
Qld north 2.88 2.69 2.54 
Qld south 2.44 2.24 2.10 
                                               853 
b) Potential future nesting region                            854 
 Flooding probability 
 50% 90% 99% 
WA Gascoyne south 1.46 1.27 1.13 
NT east 2.55 2.32 2.16 
 25 
 
NT west 3.45 3.26 3.10 
Qld south/NSW north 2.1 1.92 1.75 
                                                       855 
Table 3. Mean beach profile for current and potential future nesting regions, derived from Smartline 856 
geomorphic data. Values given are proportions (%) of beach profile type for each region.  857 
 858 
a) Current nesting region   859 
Beach profile types 
 plains gentle-
moderate 
slopes 
steep slopes cliffed area unclassified 
WA Gascoyne 57.85 18.14 1.06 2.14 20.81 
WA Pilbara 43.70 6.34 0.06 0.23 49.67 
NT 81.51 14.33 0.18 0.04 3.93 
Qld north 32.97 15.76 0.78 0.38 50.10 
Qld south 46.37 10.09 0.70 0.65 42.20 
      860 
b) Potential future nesting region                            861 
Beach profile types 
 plains gentle-
moderate 
slopes 
steep slopes cliffed area unclassified 
WA Gascoyne 
south 
54.98 21.63 0.01 0.78 22.60 
NT east 33.62 1.62 0 0 64.76 
NT west 44.02 6.10 0.12 0.40 49.35 
Qld south/ 
NSW north 
33.24 4.70 0.11 0.28 61.67 
      862 
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Figures 868 
 869 
 870 
Figure 1: Distribution of turtle nesting sites in Queensland (Qld), Northern Territory (NT) 871 
and Western Australia (WA) for loggerhead turtles (black) and hawksbill turtles (grey). The 872 
size of the circle indicates the population size. The ellipses indicate genetically discreet 873 
stocks. Loggerhead data were derived from FitzSimmons et al. (1996) and Shamblin et al. 874 
(2014); hawksbill data from Vargas et al. (2015). 875 
 876 
Figure 2: Future nesting beach scenarios for loggerhead (a, c) and hawksbill (b, d) for 877 
current and potential future nesting ranges. Temperature (a, b) and SLR-related flood risk (c, 878 
d) are shown for 2100. Flood risk ranges from ‘low’ to ‘highest’. Under the extreme scenario, 879 
temperatures will be outside the suitable habitat range (i.e., > 33°C) for hawksbill in the 880 
current NT and Qld North ranges for peak nesting season (b). Projected temperatures will be 881 
outside the suitable habitat range for both species in the Pilbara, and marginal for loggerhead 882 
in Qld South (a). Projected temperature indicates suitable habitat for both species in the 883 
Gascoyne region, for loggerhead in southernmost Qld and northern NSW (a), and for 884 
hawksbill to the east of its current NT distribution (b). Of the potentially suitable future 885 
thermal ranges, Gascoyne (c, d) has the highest SLR-related flood risk, and NT east (d) the 886 
lowest risk. 887 
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Supporting information 914 
 915 
 916 
Table S1: Modelled maximum surface air temperature, for 2100, for the four potential 917 
regions and both periods (from CMIP5 GCM - IPCC AR5 Atlas subset). 918 
 919 
Table S2:  Elevation data for 17 of the mainland beaches, derived from the SRTM 30 m 920 
product. SLR projections indicate a 0.6 m (0.7 m) increase under the medium (extreme) 921 
scenario. 922 
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